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Simple Exponential Functions Describing the Absorbance 
Bands of Visual Pigment Spectra 
D. G. STAVENGA,* R. P. SMITS,* B. J. HOENDERST 
Received 3 September 1991; in revised form 17 November 1992 
Literature data for visual pigment spectra are formally treated by assuming that the spectra consist 
of a summation of absorbance bands, that the shape of the bands is invariant according to the 
Mansfield-MacNichol transform and that this shape is described by simple exponential functions. A 
new template for constructing visual pigment spectra from peak wavelengths is derived. 
Visual pigment Nomogram Absorbance band Spectral shape Template 
INTRODUCTION 
In vision research, the precise shape of the absorbance 
spectrum of a visual pigment is a recurrent question. In 
numerous optical and physiological studies, knowledge 
of the spectral shape has proved to be crucial (e.g. 
Wyszecki & Stiles, 1982). Ideally, the shape of visual 
pigment spectra is predicted by theory, but so far, and 
probably for some time to go, only qualitative, heuristic 
methods are to our disposal. Here we review the different 
approaches attempted and compare their validity. We 
thus hope to provide useful tools for various branches of 
vision research. 
History of visual pigment templates 
On the basis of the absorbance spectra known at the 
time, Dartnall (1953) proposed that the normalized 
absorbance spectrum of any vitamin A,-based visual 
pigment, when plotted on a frequency scale, has a 
standard shape, independent of the absorbance peak 
wavelength, %,,,. The accordingly devised Dartnall 
nomogram, from which the complete spectrum could be 
derived for any given A,,,, has been widely used in 
predicting the peak wavelength together with the shape 
of a visual pigment spectrum, especially when only a 
limited set of experimental data was available. 
The visual pigments, characterized since the early 
studies, have absorbance maxima ranging from the 
ultraviolet into the red. From this more recent work it 
followed that the Dartnall nomogram was only appro- 
priate for visual pigments with a maximal absorbance at 
about 500 nm, i.e. in the blue-green. Visual pigments 
peaking in either the longer- or the shorter-wavelength 
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range exhibited systematic deviations (e.g. Liebman, 
1972). Therefore, Ebrey and Honig (1977) constructed 
improved nomograms to be applied in three wavelength 
ranges, i.e. the short-, middle- and long-wavelength 
range, respectively, for both vitamin A,- and vitamin 
AI-based visual pigments. Subsequently, Metzler and 
Harris (1978) reported an analytical expression derived 
from the lognormal function (see Appendix), which well 
fitted experimental absorbance spectra. Dawis (198 1) 
approximated log absorbance curves with a polynomial 
expression (of the 8th degree), with different parameters 
for the three wavelength ranges. 
An invariant shape was regained by Barlow (1982) by 
plotting the spectra as a function of 1’j4 - Ai:, . Tabu- 
lated data for constructing the absorbance spectrum of 
any A,-based visual pigment from A,,, using the Barlow 
transform can be found in Dartnall, Bowmaker and 
Mollon (1983). An analytical expression based on the 
Barlow transform has been given by Maksimov (1988). 
An alternative invariant shape has been deduced by 
Mansfield (1985) and MacNichol (1986). These authors 
showed that plotting the experimental spectra at a 
frequency scale relative to the peak frequency, i.e. 
f/fmsx = &,,,,/I., transforms both vitamin A,- and vitamin 
AZ-based visual pigments into a unique shape. This 
conclusion is supported by Bowmaker, Astell, Hunt and 
Mollon (1991) who confirmed MacNichol, Jones, 
Cornwall and Mansfield (1987) in that the 
Mansfield-MacNichol (MM) transform, compared to 
the Barlow transform (slightly) better approximates an 
invariant shape of experimentally measured absorbance 
spectra. The MM transform has an intrinsic elegance in 
that the spectral shape is also constant when plotted as 
a function of log wavelength, or, equivalently, as a 
function of log wavenumber. By shifting along a log 
wavelength scale, Schnapf, Kraft, Nunn and Baylor 
(1988) could simply demonstrate that the sensitivity 
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spectra obtained from photocurrent measurements on 
isolated cone cells have an identical shape over many tog 
units of sensitivity (see also e.g. Baylor. 1987). The rod 
cell’s spectral slope seems to differ very slightly at longer 
wavelengths. however (see also Mansfield. Levine. 
Lipetz. Oleszko-Szuts & MacNichol, 19X6). 
The value of describing visual pigment spectra with 
templates can be appreciated from the study of Lipetz 
and Cronin ( 1988). for example. who applied the 
MM transform to measured absorbance spectra of a 
number of crustaceans. By comparing predictions from 
the A,- and AZ-templates the) found that only the 
A,-template matched well and thus concluded that the 
investigated crustacean visual pigments had retinal as 
chromophore. 
Recently, Partridge and De Grip ( 199 I ) constructed a 
new template for vitamin A,-based visual pigments from 
the absorbance spectrum of purified bovine rhodopsin. 
Applying the MM transform they derived a cubic poly- 
nomial fitting the long wavelength limb as well as a 
Chebyshev polynomial modelling the whole template 
accurately. The authors illustrate the validity of their 
standard curve on measured absorbance spectra of 
various fish visual pigments. 
Bunds in dwul pigment spectrrj 
We recall here that the main absorbance band of 
visual pigments is coined the r-band. Bovine rhodopsin, 
for example, has a main, broad N-band at about 500 nm; 
a low, broad [j-band at about 350 nm, which is due to 
the &-band of the chromophore; a narrow y-band at 
280 nm, which is due to certain amino acids of the 
protein part; a (S-band at 231 nm, which is due to a 
variety of organic bonds (review: Rodieck, 1973); and so 
on, see c.g. Stavenga and Van Barneveld (1975). 
Virtually all approaches describing the shape of visual 
pigment spectra by means of a template or an analytical 
expression have been essentially restricted to the x-band. 
This invariably causes deviations at the shorter wave- 
lengths, i.e. in the violet, because the b-band starts to cut 
in there. Actually, as argued in the Discussion, this effect 
underlies the less satisfactory Barlow transform. 
In most vertebrate cases the b-band is considered to 
be of little importance because of ultraviolet blockage by 
the dioptric apparatus. Nevertheless. in many invert- 
ebrate eyes the ultraviolet range is of prime importance. 
Spectral sensitivity measurements of insect photo- 
receptors indicate that sensitivity becomes very low at 
wavelengths below 300 nm. This finding is in accordance 
with measurements of the photosensitivity of bovine 
rhodopsin, that also drastically decreases in the far- 
ultraviolet (see Dartnall, 1972. Fig. 3). Photosensitivity 
*We have to note here that the fly eye makes an exception to this 
well-established concept. The spectral sensitivity of fly photo- 
receptor cells can be considerably enhanced in the ultraviolet due 
to an ultraviolet-absorbing, sensitizing pigment. Devoid of the 
sensitizer the spectral sensitivity has a normal. low /I-peak (review, 
Kirschfeld. 1986; Vogt. 1988; Hamdorf or ul., 1992). Further- 
more, we note that some energy transfer by the protein to the 
chromophore may occur. 
15 the product of the molecular absorbance coethclet1t 
and the photoconversion quantum efficiency t Dartnail. 
1972: Stavenga 8: Schwemer. 1984). For bovine 
rhodopsin. absorbance and photosensitivlty appear to 
have a constant ratio at wavelengths above 2 300 nm 
The quantum efficiency hence appears to be constant for 
the range of the (x- and /j-bands. Therefore, templates 
and analytical expressions can be applied to both ah- 
sorbance spectra and physiologically measured spectral 
sensitivities. The quantum efficiency evidently is small in 
the range of the ;‘. (5, etc. bands. This means that only 
the r- and P-bands are due to absorption by the 
chromophore and that this induces photoisomeri;latic,n 
and phototransduction.* 
Metzler and co-workers analysed the absorbance spec- 
tra of several organic compounds and thus found that 
the spectra could be well described by algebraically 
adding lognormally shaped absorbance bands (e.g. 
Siano & Metzler, 1969; Metzler & Harris. 197X; Metzler. 
(‘ahill & Metzler. 1980; MetLler. Cahill, Petty. Metzler 
KL Lang. 1985). This approach was also successfully 
applied to ;I few visual pigments by Metzlcr and Harris 
( 197%). However. their lognormal function breaks down 
;II the longer wavelengths (see Appendix). and hence 
another formalism has to be used there. In the so-called 
long-wavelength tail, experimentally measured log sensi- 
tivities become linearly dependent on frequency. Lewis 
(1955) presented a theoretical treatment of the ab- 
sorbance spectrum of visual pigments in the long wave- 
length range (see also e.g. Vos & Van Norren. 19X4). 
Mooij and Van den Berg (1983) incorporated this theory 
in their study of the spectral shape of AZ visual pigments. 
They fitted the absorbance bands of measured visual 
pigment spectra with Metzler-type lognormal curves, but 
used a Lewis function for the long wavelength region. 
In the present paper we continue this type of analysis 
by assuming that the MM transform holds t’or the 
x-band irrespective of the spectral position of the band. 
Furthermore, we assume that. relative to the x-band, the 
/j- and y-bands are more or less constant with respect to 
both spectral location. shape and amplitude, at least for 
visual pigments with the same type of chromophorc (see 
e.g. Wald, Brown & Smith, 1955; Menzel, Ventura, 
Hertel, De Souza & Greggers, 1986; Kirschfeld, 1986). 
Here we present simple analytical expressions as well as 
parameter values yielding satisfactory tits to experimen- 
tal spectra, together with related results following for the 
Metzler lognormal function. 
RESULTS 
The spectrul shape of’ the x-hund 
Generally, spectral absorbance bands of condensed 
matter have a Gaussian shape when plotted as a function 
of frequency, or, the log absorbance curve then is a 
parabola. The absorbance bands of visual pigments, 
rather than simple Gaussians are skewed toward higher 
energies (Metzler & Harris, 1978). Partridge and Dc 
Grip (1991) reported a highly accurate, normalized 
spectrum of bovine rhodopsin. In Fig. I(a) we have 
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FIGURE I. Normalized absorbance spectrum of bovine rhodopsin, 
tabulated by Partridge and De Grip (1991), symbols, fitted with the 
modified lognormal function, equation (1) (continuous line) and the 
Metzler function, equation (AI&A3) (interrupted curve). (a) The 
logarithm of the absorbance is taken to assess the Gaussian-like shape 
of the absorbance curves. (b) The same data at a linear ordinate scale 
showing the excellent fit. 
plotted the logarithm of the tabulated absorbance values 
as a function of log wavelength. A modified lognormal 
function with no more than a third degree term in the 
exponent appears to fit the data quite well: 
a = A exp[ - a&( 1 + a,~)]. (1) 
Here x = ‘“log(l/3.,,,), with A = 1.006, &,,,, = 497.4 nm, 
and a, = 393 and a, = 5.65 [Fig. l(b)]. With the restric- 
tion that A = 1.000, it follows that A,,,,, = 497.4 nm, 
a, = 389, a, = 5.60. At any data point the maximal 
deviation is < 1% of the maximal absorbance (Fig. 2). 
The parameter x equals the log of the relative wave- 
length, or, minus the log of the relative frequency. The 
deduced fit therefore can immediately be used for calcu- 
lating the absorbance spectrum of any visual pigment 
given its peak wavelength &,,, assuming of course the 
validity of the MM transform. 
We have fitted the Partridge and De Grip data also 
with a Metzler-type lognormal function (see Appendix). 
Figure 1 (b) demonstrates that this function yields a good 
fit for parameter values A,,,,, = 497.0 nm, relative band- 
width W/f,., = 0.203 and skewness p = 1.37 (for similar 
values, see Metzler & Harris, 1978). Fit and experimental 
data deviate at the shorter wavelengths, but, as described 
below, this is readily accounted for by an additional 
band (see Metzler & Harris, 1978). 
The /I-hund 
A major shortcoming of equation (1) emerges when it 
is extrapolated into the short-wavelength range. The 
third-degree term then becomes dominant and the calcu- 
lated absorbance value has no upper bound. This can be 
simply resolved by introducing a fourth-degree term into 
the exponent of equation (1). When we assume that all 
absorbance bands are described by the same modified 
lognormal function, or, 
a, = A, exp[-ao,xf(l + a,,,~, +~,,,.$)I (2) 
with i = a, p, . . . etc., and x, = ‘“log(L/&,,,,), 
xp = ‘010g(3~/%,,,,), etc., with i,,,,, E.,,,,, . . etc. the 
peak wavelengths of the a-, b-, . . . etc. bands. We then 
obtain for the visual pigment spectrum: 
c(i) = Ca,(A) = a(A) + B(A) + y(A) + . (3) 
We have restricted the parametrization, however, by 
requiring that a,., = 3u,,,‘/8; the log absorbance of each 
band, i.e. the polynomial in the exponent, then has only 
one inflection point. 
We have tested the validity of equation (3) on a 
complete absorbance spectrum of bovine rhodopsin, 
taken from Morton (1972, Fig. 4). In our fits we have 
used the values of the shape parameters of the a-band, 
~~.~a,., (and a,,,), that well fitted the Partridge and 
De Grip (1991) data; E.,,,,, was a free parameter, how- 
ever. Figure 3 shows the data points as well as the fit, 
normalized at the a-peak. The parameter values ob- 
tained from fitting equations (2) and (3) as well as those 
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FIGURE 2. Deviations of tabulated data of Partridge and De Grip 
(1991) and fits. Dot-dashed line, difference with 10th degree Chebyshev 
polynomial fit using the values given by Partridge and De Grip (1991); 
dashed line, difference with fit with Metzler-lognormal curves; dotted 
line, difference with values of equation (1); solid line, difference with 
values predicted by equation (2). Fitting was performed on the linear 
(scaled) absorbance values with the Gauss-Newton least-square curve 
fitting algorithm, as implemented in the high level language ASYST 
(MacMillan Software Company). 
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FIGURE 3. Absorbance spectrum of bovine rhodopsin. normalized at FIGURE 4. Normalized absorbance spectra predicted by equattons (2) 
the a-peak (Morton, 1972. Fig. 4). The dashed lines represent the and (3) for i,,,,,, = 350. 400, 450, 500. 550 and 600 nm using for the 
absorbances of the r-. /I- and y-band, following from fitting equations other parameters values deduced for bovine rhodopsin. The /!-band 
(2) and (3) to the complete spectrum. becomes distinctly noticeable when i,,,,,, , ;- 450 nm 
Table 1. We note here that the magnitude of the B-band 
in Fig. 3. A,j = 0.29 is distinctly higher than that of more 
recently published spectra (e.g. De Grip, Daemen & 
Bonting, 1980) where A, = 0.23. 
It appears that the accuracy of the obtained fits is 
virtually identical to that obtained with the 10th degree 
Chebyshev polynomial, as presented by Partridge and 
De Grip (I 991) see Fig. 2. The deviations of the fits from 
the experimental data, being at most 0.5’S, appear as 
systematic oscillations. Possibly, these are due to the 
vibrational fine structure of the absorbance band (see 
e.g. Metzler c~f ul., 1985). 
Predictions 
Apparently, the p-band contributes significantly in 
the short wavelength range up to about 440 nm (Fig. 3). 
The effect of adding the absorbances of the CY- and 
[I-bands is exemplified in Fig. 4. Using the derived 
parameter values. we have calculated the normalized 
absorbance spectrum of six visual pigments with 
&I,~.,~ = 350-600nm. For the /j-band we have taken a 
fixed &I,,,8 = 350 nm. Clearly. the b-band becomes more 
and more distinct when &,,,, 2 450 nm. 
The long -~~uzvlength tuil 
It is evident from Fig. I(a) that the absorbance values 
tabulated by Partridge and De Grip (1991) go too fast 
towards zero for wavelengths above 620 nm, i.e. where 
the normalized absorbance decreases below 0.3%. 
Although we regard this part of the data as unrealistic. 
the Partridge and De Grip (I 991) data presumably are 
the best presently available. The two functions used to 
fit the absorbance data both become unsatisfactory at 
the longer wavelengths. Obviously, the Metzler function 
falls off too steep, but it appears that also the modified 
lognormal functions of equations (I) and (2) do not 
qualify. 
Because the absorbance in the far-red is very minor it 
can only be reliably determined there via sensitivity 
measurements, assuming a constant quantum efficiency 
TABLE I. Parameter values for A,-, A,-, and Ad-visual pigments for exponential expressions 
equation (2) (SSH) and equation (Al) (MH), respectively 
SSH r a ; MH Y. /j ; 
A, i.,,,,,, 495.3 340 276 G,,.,, 494.7 340 275 
.4 I 0.29 1.99 .‘I I 0.30 1.94 
(‘1, 380 247 647 W!/,‘,, 0.203 0.32 0.156 
(1, 6.09 3.59 23.4 I’ 1.37 I3 I 64 
A: &,,t\ 534.3 36X &\ 533.3 368 
.4 I 0. SC) .A I 0.52 
% 263 176 W!lnld, 0.254 0.24 
1’1 4.45 I .5? I’ I .44 I .4 
A, G,, 485.8 329 277 i,,,, 485.4 331 276 
A I 0.23 1.59 A I 0.25 1.55 
“0 420 252 894 Wif,,, 0.197 0.31 0.145 
U! 1.73 2.97 19.5 (, I .46 1.3 I .67 
i,,, in nm and az = 3ay/8 in equation (2). The data of Partridge and De Grip (1991) yielded 
the shape parameters for the A,-visual pigment (u,,* and a,,,, and W/f,,, and p. 
respectively), but the other parameters were obtained for the complete spectrum of 
Morton (1972, Fig. 4). The data for the AZ-visual pigment were derived from the 
porphyropsin spectrum of Bridges (1972, Fig. 6) and that for the A,-visual pigment from 
the data tabulated by Ktto CI ul. (1992). 
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FIGURE 5. Spectral sensitivities of primate photoreceptors, deter- 
mined by measuring photocurrents (Schnapf et al., 1988) together with 
curves calculated from equation (2) extended with a log-linear func- 
tion in the long wavelength range (see text). 
(see Introduction), The electrophysiologically measured 
sensitivity spectra of primate photoreceptors decrease 
approximately log linearly, i.e. with a first-degree expo- 
nential, at a log wavenumber scale (Schnapf, Kraft & 
Baylor, 1987; Baylor, Nunn & Schnapf, 1987; Schnapf 
et al., 1988; for a corresponding invertebrate case, viz. 
Limulus, see Srebro, 1966). The long-wavelength tail of 
the spectra hence is not well described by equations (1) 
and (2). It appears that these equations can only be 
applied up to ‘“log(A/,?,,, J z 0.1. 
Figure 5 shows the fits to the results of Schnapf 
rt al. (1988), where in the case of the cone curves 
the logarithm of equation (2) was used up to 
X, = ‘“log(3,/&,,,,,) = 0.080; for the rod this value was 
0.078. Above these values the log sensitivity is well 
approximated by a linear function log S = s(x, - x,), 
with slope s = -50.9 and x0 = 0.047 (cones) and 
s = -48.2 and x0 = 0.046 (rod), respectively (see Baylor, 
1987). We note that Baylor et al. (1987) approximated 
their complete spectra, including the long-wavelength 
tail, with a sixth order polynomial. 
Vitamin ATbased visual pigments 
The spectral shape of rhodopsins, i.e. the vitamin 
A,-based visual pigments, differs from that of the por- 
phyropsins, i.e. the vitamin Al-based visual pigments. 
Assuming that the MM transform also holds for this 
visual pigment class (MacNichol, 1986), we have fitted 
both equations (2) and (3) and the Metzler function to 
the porphyropsin curve of Bridges (1972, Fig. 6). The 
deduced parameters are summarized in Table 1. 
Vitamin A-?-based visual pigments 
AX-visual pigments, where the chromophore is 3-hy- 
droxyretinal, are found in the higher insects, specifically 
flies (Kirschfeld, 1986; Vogt, 1988). The absorbance 
spectra obtained indicate that the a-band not appreci- 
ably differs from that of the A,-visual pigments (see e.g. 
Schwemer, 1988). Therefore, the parameters deduced for 
bovine rhodopsin should be used in this case. A formal 
description of the short-wavelength range is cumber- 
some, because the relative height as well as the band 
shape in the ultraviolet strongly depends on the amount 
of sensitizing pigment (Kirschfeld, 1986; Hamdorf, 
Hochstrasse, Hbglund, Moser, Sperber & Schlecht, 
1992); see footnote on p. 1012. 
Vitamin Acbased visual pigments 
The only animal known to possess an A,-visual pig- 
ment, where the chromophore is 4-hydroxyretinal, is the 
firefly squid Watesina scintillans (Matsui, Seidou, 
Uchiyama, Sekiya, Hiraki, Yoshihara & Kito, 1988). 
(It has in addition an A,- and an AZ-visual pigment.) 
Recently, Kito, Partridge, Seidou, Narita, Hamanaka, 
Michinomae, Sekiya and Yoshihara (I 992) provided 
tabulated absorbance data of the extracted Ad-visual 
pigment. These authors, furthermore, constructed a syn- 
thetic pigment from bovine opsin and 4-hydroxyretinal. 
The spectral shapes of the two Ad-pigments appeared to 
be very similar, as followed from polynomial fits, and 
differed noticeably from that of bovine rhodopsin. 
We have fitted the tabulated data with equations (2) 
and (3) as well as with the Metzler function and thus 
derived the parameters for the Ad-visual pigment, assum- 
ing again that the MM transform holds; see Table 1. 
DISCUSSION 
Starting from an accurately measured absorbance 
spectrum of bovine rhodopsin we have derived ex- 
pressions for the spectral shape of any visual pigment 
spectrum, given the peak wavelength. We have assumed 
the validity of the MM transform, i.e. that the shape is 
constant at a L/&,-axis, or, at a log A-axis. Figure 6 
shows that more or less different spectra are predicted by 
the transforms proposed by Dartnall, i.e. a constant 
shape at a l/i-axis, and by Barlow, i.e. a constant shape 
at a ii’4 -axis. It appears that results of the MM and 
300 400 500 600 700 800 
wavelength (nm) 
FIGURE 6. Comparison of three visual pigment transforms for 
rhodopsin a-bands. The same template was used, given by the or-band 
peaking at 500nm and calculated with equation (2). The spectra 
predicted by the Dartnall (dots), Barlow (interrupted line) and MM 
(continuous line) transforms are given for peak wavelengths 400 and 
600 nm, respectively. 
iillC> RI:Sf:AK( Ii \Lf 1-t I 
Barlow transforms are rather similar indeed. Interest- 
ingly. Barlow (1082) investigated the validity of the 
log i:-transform. He rejected it after c(ltnI~~~ring the 
b~lndw~dths of experimental absorbance spectra of red 
and blue photoreceptor pigments. The bandwidth was 
measured from the peak wavelength 10 the $()+,, 
ahsorb:tnce point on the long uatelength s~dc. Al the 
log L-AXIS. the absorbance spectrum of the hiue pig- 
ment. peaking at 416 nm. was distinctly wider than that 
of the red pigment, peaking at 567 nm. whilst at a 
L”-axi\ the width was concluded to IX! identical. 
However. it foiiows from our analysis that Barlow’s 
estimation is possibly fraught with a critical error, 
Figure 5 shows that the peak wavelength. ,.,n,rt, of a 
blue pigment is affected by the /j-hand. Its value is 
shifted hypsochromicaliy with respect to that of the 
r-band alone. When the peak wavelength of the total 
spectrum is 416ntn. the x-hand will peak at approx. 
410 nm. Then the bandwidth calculated for the x-band 
becomes virtually tdenticai to that of the red pigment 
(which does not sufffr from the c~~nt~~~llill~itilig etrect of 
the overlapping hands). 
The parameter values to be used for the r-band in 
equation (I) (3) for vitamin A,-hased visual pigments 
arc derived from the tabulated spectrum 01‘ Partridge 
and DC Grip ( IWI ). E‘u~uI-c stwiics ma> retinc the 
cxperimcnt;il data. so the pariimeters iire 5ub_jecl to ;I 
slight change. WC assume that ;I much higher accuracy 
can hardly be expected. however, and theretot-c we feel 
that the derived expressions and parameter values will 
not he much improved. We note that in applications to 
expcrinlentai data equation ( I ) is especially simple. We 
have abstained from giving an estimate of. confidence. 
For any practical purpose. varying the vaiuc of most 
parameters with a few percent gave equally well-fitting 
spectra. Compared to the Chebyshev polynomial pro- 
posed by Partridge and De Grip (1991). equations (I) 
and 17) are rtluch easier jl~~plcrnente~i in an!’ conlptJter 
program or worksheet. As stated in the Appendix. the 
Metylcr function i4 also quile attrucli\e. 
llsuaiiy. only the r-band is of direct Interest. FOI 
instance. in the case of most vertebrate eyes the lens 
absorption severely affects the ;l~easure~~lc~lts in the 
short-wavelength range (see Schnapf rf rrl.. 198X). An 
absorbance spectrum of a visuai pigment. spanning 
the range of several bands. can be usefully described 
by equations (3) and (3). This will be especially 
beneficial in eiectrophysioiogical or hchavioural studies 
of‘ spectral sensitivity. We emphasize that in both 
equations (I) and (3). as in the Metzler function, no 
more than two free variables were used to fit the shape 
of each band. 
The family of curves of Fig. 5 exhibit a striking 
rescnlblalxe to spectra in the literature. for instance of 
iodopsin (Watd of crl., 1955) or the three photoreceptor-s 
of the honeybee (Menzei et al.. 1986). Unfortunately. 
however, a quantitative comparison indicates that the 
experimental data probably are not identical to pure 
absorbance spectra of visual pigments, either due to 
cont~~r~inatioI~s by other absorbing components. or. in 
Ihe UStZ Of eiectrophysic~iog~caI measurcmenl5. 11uL 
to the inevitable optical effects of wavcguidca. \!r:~! 
iipht or optical filtering. Nevertheless, from the \c;trcc 
3nti. I~r~siin~~ibi~. noi ;ilways very solid &it:1 11, the 
lileraturc the impressron emerges th;rt [he /;-peak 
Lv:i\eien&th can vary between 330 and 360 nm ;tnd th:lt 
the magnitude of the /i-peak_ reiativc \(I !II;IC 01’ the 
x-peak, also somewhat vnries. The slight uncertainty IH 
the (i-band will have ;I minor effect otl tllc ~1vcr;tII 
appoarancc of the absorbance spectrum ~,l’ ;L t istl;tl 
pigment. howecer. 
A major point of‘ this paper IS that a complete LI~UII 
plgmcnt spectrum can be resolved in several bands. 
Estimation of their precise location and shape wiii IX 
i~~ciiit~~tc~~ by fitting tirst the r-band and subscyLlentiy 
the /i-hand. The bands can be fitted appropriately with 
lognormal functions. The long wavelength range should 
hc treated separately (cf. Baylor t’f al., 1987). The spectra 
ot‘Van Diik and Spekreijse (1984) suggest that itiso III the 
c:tsc of‘ A %-visual pigments not only the main absorbance 
bands, bait also the long wavelength tail is MM invarr- 
ant. More accurate measurements of this aspect md of‘ 
\isuai pigment spectra in general are necessary to reline 
the present description. 
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APPENDIX 
The lognormal function provided by Metzler and Harris (1978) that 
describes the shape of absorbance bands of organic substances, 




f W 1 -I _>l__ p_~- 
f l”d” f [ 1 642) rndl P 
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Here f is the frequency (or, equivalently, the wavenumber), f,,, the 
frequency of the peak, W the width at half height, and p the skewness 
of the band; i.e. if f, and 1; are the frequencies of the half maximal 
values at the violet and red end, respectively, then: W =f, -f, and 
p = (f, - f,,,)/(.f,,, -f,) (see also Siano & Metzler, 1969). The Metzler 
lognormal function thus has intrinsic attractive properties, because it 
incorporates quantities that.are directly measurable from a spectrum. 
However, it has found so far very little use in the visual literature (see 
nevertheless, e.g. Birge, 1990). Becauseflf,,, = A,,,/,? it is clear that the 
parameter values derived by Metzler and Harris (1978) for rhodopsin 
and porphyropsin can be applied to related visual pigments by using 
the MM transform. Note that the lognormal curve is breaking down 
in the long-wavelength range, where the absorbance is assumed to 
become zero. 
